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Motivated by the recent development of terahertz pump-probe experiments, we investigate the short-time
dynamics in superconductors with multiple attractive pairing channels. Studying a single-band square lattice
model with spin-spin interaction as an example, we find the signatures of collective excitations of the pairing
symmetries (known as Bardasis-Schrieffer modes) as well as the order parameter amplitude (Higgs mode) in the
short-time dynamics of the spectral gap and quasiparticle distribution after an excitation by a pump pulse. We
show that the polarization and intensity of the pulse can be used to control the symmetry of the non-equilibrium
state as well as frequencies and relative intensities of the contributions of different collective modes. We find
particularly strong signatures of the Bardasis-Schrieffer mode in the dynamics of the quasiparticle distribution
function. Our work shows the potential of modern ultrafast experiments to address the collective excitations
in unconventional superconductors and highlights the importance of sub-dominant interactions for the non-
equilibrium dynamics in these systems.
Ultrafast pump-probe techniques became recently a pow-
erful tool to probe the temporal evolution of symmetry bro-
ken states and relaxation in conventional and unconventional
superconductors.1–12 An intense pulse couples non-linearly
to the Cooper pairs of the superconductor and, as was ar-
gued theoretically, should lead to a coherent excitation of the
Higgs amplitude mode, i.e. |∆(t)| performs a damped oscilla-
tion with frequency ωH = 2|∆(∞)|.13–24 Nonlinear terahertz
spectroscopy has enabled the observation of the Higgs mode
in conventional superconductors in the form of a free or forced
oscillation and the resulting third-harmonic generation4,11,25.
Interestingly, this technique has been also recently applied to
the unconventional superconductors such as high-Tc cuprates
with the d-wave symmetry of the superconducting gap12,26
where some additional oscillations have been reported.26
In contrast to conventional superconductors, where the pair-
ing is driven by the attractive electron-phonon interaction,
the pairing interaction in unconventional superconductors is
most likely of repulsive nature. To overcome the net repul-
sion among the quasiparticles, the superconducting gap has
to change its sign across different parts of the Fermi surface,
which typically yields the superconducting gap of a lower
symmetry than an isotropic s-wave. For example, it is gener-
ally known that the antiferromagnetic spin fluctuations peaked
near wave vector QAF = (pi, pi) within a single-band model
on a square lattice give rise to a dx2−y2 -wave symmetry of
the superconducting gap, yet states having other symmetries,
such as strongly anisotropic sign-changing (extended) s-wave
symmetry and the dxy-symmetry, are closely competing. As a
result, the temporal dynamics of single-band unconventional
superconductors might be significantly richer than that of the
conventional ones.15,16,19,22
In this manuscript we analyze the short-time dynamics in
a single-band unconventional superconductor with multiple
competing pairing symmetries. In particular, we consider a
single-band model of fermions on a square lattice interacting
via spin-spin interaction. The interaction can be decoupled
into various pairing channels with different symmetry. Vary-
ing the band filling we find two competing even-parity su-
perconducting states forming a typical phase diagram of an
unconventional superconductor where different ground states
can be accessed by doping. Studying the system driven out
of equilibrium by a laser pulse, we show how the collec-
tive signatures of symmetries different from a given ground
state symmetry, known as Bardasis-Schrieffer modes27–30 in
the context of s-wave ground state in the equilibrium, evolve
as a function of doping and the polarization direction. De-
pending on the polarization direction of the incoming light
the tetragonal symmetry is broken, which necessarily leads
to a mixing of s- and d-wave symmetries in non-equilibrium.
Furthermore, we show that the particle distribution acquires
an additional dx2−y2 -character and oscillates dominantly with
the Bardasis-Schrieffer mode frequency, which may be ob-
served in time-resolved ARPES experiments. Our study high-
lights the important role of sub-dominant pairing states in the
short-time dynamics of unconventional superconductors and
we identify the signatures of the resulting collective modes
that can be observed in future pump-probe experiments.
Our starting point is a model of fermions interacting via a
spin-spin interaction
H = −t
∑
〈ij〉,σ
c†iσcjσ + J
∑
〈ij〉
Si · Sj , (1)
where c(†)i,σ are fermionic annihilation (creation) operators on
site i and spin σ, t is the hopping integral between nearest
neighbors and Sαi =
1
2
∑
s,s′ c
†
isσ
α
ss′cis′ are the spin-1/2 op-
erators. This model was considered before in the context of
cuprates, pnictides and heavy fermion systems.31 In the mo-
mentum space the tight-binding energy dispersion is given by
ξk = −2t(cos(kx) + cos(ky))− µ. The spin-spin interaction
can also be transformed into momentum space and decoupled
into a number of superconducting channels
Jk,k′ ≡Vsγk,sγk′,s + Vdx2−y2γk,dx2−y2γk′,dx2−y2
+ Vpxγk,pxγk′,px + Vpyγk,pyγk′,py , (2)
where Vs = Vdx2−y2 = −3J/2 is the even-parity spin-
singlet interaction with γk,s = (cos(kx) + cos(ky))/2 and
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FIG. 1. Phase diagram of HMF at T = 0 for the fillings where
dx2−y2 -wave order parameter closely competes with that of the ex-
tended s-wave symmetry. The solid lines refer to the actual ground
state values for ∆s and ∆d
x2−y2 , while the dashed lines show the
behavior of a pure s-wave or pure dx2−y2 -wave solution, ignoring
the possibility of coexistence.
γk,dx2−y2 = (cos(kx)− cos(ky))/2 form factors, respec-
tively. The remnant components are repulsive odd-parity spin-
triplet coupling constants Vpx = Vpy = J/2 with the px- and
py-wave form factors γk,px(y) = sin(kx(y)). As we show be-
low, the light pulse we consider does not couple the odd- and
even- parity channels. As we focus on the regime, where the
ground state has even parity, the odd and even parity solutions
cannot mix both in- and out of equilibrium. In the mean-field
approximation the Hamiltonian reduces to
HMF '
∑
kσ
ξkc
†
kσckσ +
∑
k,l
[
∆lγk,lc
†
k↑c
†
−k↓ + h.c.
]
(3)
where l = s, dx2−y2 and the ∆l = −Vl
∑
k γk,l〈c−k↓ck↑〉
are the s- and dx2−y2 -wave component of the total supercon-
ducting order parameter ∆k = ∆sγk,s + ∆dx2−y2γk,dx2−y2 .
In what follows, we work at T = 0. Minimizing the en-
ergy, we obtain the equilibrium values of the superconduct-
ing order parameters ∆s, ∆dx2−y2 as a function of n, shown
in Fig. 1. We concentrate on the region of the phase dia-
gram where s-wave and d-wave symmetries are neighbors, but
avoid the regime of coexistence of both order parameters, i.e.
a possible s + id state, as this state (and the similar case of
d+ id state) and its non-equilibrium dynamics were discussed
previously,28,32,33. Instead, we focus on pairing fluctuations
of the sub-dominant symmetry close to the transition points.
To simplify further calculations, we introduce the Anderson
pseudospin notation34
sk =
1
2
(
c†k↑, c−k↓
)
σ
(
ck↑
c†−k↓
)
, (4)
where σ = (σx, σy, σz)
T are the Pauli-matrices. Using this
vector, one can recast the Hamiltonian H =
∑
k Bk · sk,
which has the form of a set of (pseudo-)spins sk coupled to
a (pseudo-)magnetic field Bk = (2∆′k, 2∆
′′
k, 2ξk)
T , with the
notation ∆k = ∆′k − i∆′′k. At zero temperature the thermal
expectation values of the pseudospin components are given
by 〈sxk〉 = − ∆
′
k
2Ek
, 〈syk〉 = − ∆
′′
k
2Ek
, and 〈szk〉 = − ξk2Ek with the
quasiparticle energy dispersion Ek =
√
ξ2k + |∆k|2.
To investigate the collective modes in our model, we study
the equations of motion for the pseudospin expectation values
sk that have the form of Bloch equations:
d
dt
〈sk〉 = Bk × 〈sk〉. (5)
This equation together with the self-consistency
equation for the superconducting gaps ∆s,d(t) =
−∑k Vs,dγk,s,d(〈sxk〉 (t) − i 〈syk〉 (t)) yields a closed
set of coupled differential equations, which defines the
temporal evolution of all relevant quantities. To drive the
system out of equilibrium we model the electric field of
a laser pulse by including a time-dependent vector po-
tential A(t) via the Peierls substitution. This results in
Bk =
(
2∆′k, 2∆
′′
k, ξk+ ecA + ξk− ecA
)T
(see Supplementary
Material for details).
To consider the possibility of exciting order parame-
ter symmetries, different from the ground state one it is
instructive to split the equations of motion in Eq. (5)
into different symmetry channels. As the pulse tem-
porarily breaks C4-rotational symmetry, different symme-
try representations may mix. In particular, we can de-
compose the pseudomagnetic field into all even parity irre-
ducible representation for the tetragonal D4h symmetry as
follows: Bk = Bk,s + Bk,dx2−y2 + Bk,dxy + Bk,gxy(x2−y2) ,
where we define Bk,l = (2∆′lγk,l, 2∆
′′
l γk,l, ξk,A,l)
T , where
we have introduced the symmetrized notations for Bzk =
ξk+ ecA + ξk− ecA ≡ ξk,A,s + ξk,A,dx2−y2 + ξk,A,dxy +
ξk,A,gxy(x2−y2) . There appears no odd-parity component of
the pseudomagnetic field Bk, as can be seen immediately
from the definition above.
Let us now discuss the symmetry mixing in non-
equilibrium. Denoting the ground state symmetry as l0, one
finds that ddt 〈sxk,l′〉 = 0 and ddt 〈syk,l′〉 = Bk,l × 〈sk,l0〉, where
l′ = l ⊗ l0 is the symmetry of a product of functions with
symmetries l and l0. Therefore, a finite l-symmetry compo-
nent of Bk field is needed to induce pairing correlations of
symmetry l′. Moreover, the self-consistency equations im-
ply that inducing an out-of equilibrium order parameter ∆l′
additionally requires a non-zero Vl′ , making the considera-
tion of the sub-dominant pairing interaction crucial. In our
case, the pseudospin expectations values 〈sk〉 at t = 0 are the
equilibrium values, with s- or dx2−y2 -wave symmetry. Con-
sequently, one requires Bzk,dx2−y2 = ξk,A,dx2−y2 to be finite
at non-zero t to induce a finite dx2−y2 -wave order parame-
ter in the s-wave ground state and vice versa. In particular,
a finite ξk,dx2−y2 ∼ cos(Ax) − cos(Ay) (see Supplementary
Material for details) can be induced by a vector potential A
with polarization at φ ≈ 0, where φ is the polar angle in mo-
mentum space. Importantly, the effect manifestly depends on
the polarization of A, suggesting a possibility to control the
induced order parameter symmetry in non-equilibrium. As
ξk,A,dxy , ξk,A,gxy(x2−y2) and the odd-parity components are
identically zero, only s- and dx2−y2 -components remain in
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FIG. 2. Calculated evolution of the superconducting gap amplitudes
for an s-wave ground state and an applied light pulse with polar-
ization at an angle φ = 0 (solid line) and an angle φ = pi/4
(dashed line) to the kx-axis. (a) and (b) show the short-time dy-
namics of the s- and dx2−y2 -wave order parameter, respectively. To
make the existence of a second frequency in (a) clear, arrows illus-
trate the beating pattern. (c) and (d) refer to the Fourier transform of
|∆s| and |∆d
x2−y2 (t)|, respectively. As |∆dx2−y2 (t)| remains 0 for
φ = pi/4, no Fourier transform of this case is shown in d).
Eq. (5) leading to
d
dt
〈sk,s〉 = Bk,s × 〈sk,s〉+ Bk,dx2−y2 × 〈sk,dx2−y2 〉,
d
dt
〈sk,dx2−y2 〉 = Bk,dx2−y2 × 〈sk,s〉+ Bk,s × 〈sk,dx2−y2 〉.
(6)
We note that this result does depend on the absence of spa-
tial variations of A. However, for THz light used in the
experiments,35 the wavelength is of the order∼100 µm which
is much larger than, e.g., superconducting coherence length
that rarely exceeds ∼100 nm (as estimated by the upper criti-
cal field Hc236–38), justifying the assumption.
We discuss now the short-time dynamics described by the
equations (6). We integrate the equations numerically using
Runge-Kutta method with a momentum grid of 513 × 513
points for fixed Vs = Vd = −0.4t varying n and the po-
larization of A(t). Let us consider first the situation of an ex-
tended s-wave ground state symmetry for ∆k, i.e. ∆s 6= 0 and
∆dx2−y2 = 0 at n = 0.411. The transition into a s+ idx2−y2 -
state occurs at the filling n ≈ 0.415. We start the analysis
by driving the model out of equilibrium with a vector poten-
tial in kx-direction. The vector potential A is for simplicity
chosen as A = A0θ(t − τ)θ(2τ − t) simulating two pulses
at t = τ and t = 2τ . Here we choose ec |A0| = 0.01 and
τ∆ = 0.05. Typically a Gaussian pulse shape is used in simi-
lar approaches19, with a half-duration t1/2  ∆−1 to work in
the non-adiabatic regime. Our choice of the pulse is equiva-
lent to this approach in the non-adiabatic limit, but we found
it to be advantageous for computations. The results of the nu-
merical calculations are shown in Fig. 2. As one can see,
the vector potential (pump pulse) induces a non-zero dx2−y2 -
wave order parameter ∆dx2−y2 in the extended s-wave ground
state, which shows undamped oscillations at a frequency ωBS.
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FIG. 3. Fluence dependence of the Bardasis-Schrieffer and the Higgs
mode in the s-wave ground state for the filling (a) n = 0.38 and (b)
n = 0.411, away (a) and close (b) to the phase transition to the
s+ idx2−y2 ground state, respectively.
Note that |∆dx2−y2 | shown in Fig. 2 oscillates at twice the fre-
quency of ∆dx2−y2 due to the absence of sign changes in the
former. According to above considerations a finite ∆dx2−y2
can only be induced if ξk,A,dx2−y2 is finite for some period of
time. Thus by applying the pulse along the diagonal kx = ky ,
for which ξk,dx2−y2 remains zero, there is no induced oscil-
lations of the dx2−y2 -wave order parameter. In both cases
the s-wave order parameter oscillates with its Higgs mode
ωH = 2∆s,max, where ∆s,max = max{∆sγk|k ∈ FS} is the
maximum gap size on the Fermi surface. The frequency ωBS
is smaller than ωH due to residual attractive interaction and
therefore undamped, while ωH shows the weak damping15
observed for isotropic s-wave states. We attribute this to the
gap being nearly isotropic along the Fermi surface at the dop-
ing we consider. In Fig. 3 we show the fluence dependence
of ωBS and ωH . It can be seen that in the case where ωBS
and ωH are well separated (Fig. 3 b) ), ωBS is not directly
affected by the light pulse, unlike ωH . However, once the
Higgs mode frequency becomes close to ωBS , both start be-
ing suppressed by the increasing fluence and eventually be-
come indistinguishable. Note that instead of using a pulse one
could also by hand set a finite ∆dx2−y2 6= 0 as initial value,
as it was shown above that the pulse also generates a finite
dx2−y2 -wave component. We find that the quench scenario
yields results equivalent to Fig. 2
To verify whether the oscillations at ωBS are due to the ex-
istence of the Bardasis-Schrieffer mode in the sub-dominant
pairing channel we analyze Eq. (5) in the linear regime (i.e.
weak driving) and compare the frequencies of the resulting
modes to the ones observed in the non-equilibrium (see Fig.
2). In particular, we linearize the Eq. (5) around the equilib-
rium state at T = 0 and perform a subsequent Fourier trans-
form−iωδsk = Beqk × δsk + δBk × seqk . Numerical solution
of the homogeneous part of the resulting equations (see Sup-
plementary Material for details) gives three types of solutions:
(i) ω = 0 mode for the ground state pairing symmetry inde-
pendent of doping; (ii) ω = 2∆l,max modes for the both types
of the ground states l = s and l = dx2−y2 (Higgs mode),
and (iii) Bardasis-Schrieffer mode, which frequency depends
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FIG. 4. Frequency of the Bardasis-Schrieffer mode for different band
fillings close to the transition point between extended s-wave and
dx2−y2 -wave ground states at n ≈ 0.415. The numerical results
(squares) and the results of the linearized equations (solid blue curve)
are in good agreement.
on the proximity to the phase boundary between extended s-
wave and dx2−y2 -wave symmetries in the equilibrium. We
show the frequency of the Bardasis-Schrieffer mode in the s-
wave ground state in Fig. 4 together with the results of the
numerical solution of the full non-linear equation, Eq. (5) as
a function of doping. For values of n far away from the tran-
sition this mode merges into the Higgs mode, while close to
the phase transition it softens as is expected, signalling the
transition to the new ground state. The results of linearized
calculation of ωBS are in good agreement with the results for
the full non-linear dynamics.
We also considered the excitation of the Bardasis-Schrieffer
mode in the dx2−y2 -wave ground state, which should also
exist once the s-wave ground state is close enough. As the
dx2−y2 -wave gap is nodal, all excited modes are strongly
damped. However, we still see a clear damped mode at
ω < 2∆d,max = ωH . Due to the finite size effects and the
limited accuracy of the numerical integration, the error bar is
quite broad. Therefore, we only show the frequency of this
mode close to the s+ id transition in the inset of Fig. (4). To
obtain these frequencies we can again equivalently use both, a
pulse or a quench, for example, if one sets ∆s = 0.1∆dx2−y2 .
Note, for a better numerical accuracy all frequencies in the
inset of Fig. (4) are obtained via quench.
The presence of the signatures of the Bardasis-Schrieffer
mode in the order parameter dynamics raises the possibil-
ity of an enhanced third-harmonic generation when the pump
frequency roughly matches ωBS. Unlike the Higgs mode,
where the issues of quasiparticle contribution is still under
debate,11,22,39–42 the signature of a Bardasis-Schrieffer mode
would be definitive as ωBS < 2∆0, below the edge of the
quasiparticle continuum, at least for fully gapped s-wave su-
perconductors. At the same time, the amplitude oscillation
of the order parameter (Higgs oscillation) was also predicted
to show up in the tr-ARPES experiments.43 The quasiparti-
cle distribution function that can be measured in these experi-
ments can be addressed in our model. In particular, the quasi-
particle distribution function is determined by the szk compo-
nent of the pseudospin szk =
1
2
(
〈c†k↑ck↑〉+ 〈c†k↓ck↓〉 − 1
)
.
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FIG. 5. Oscillation of the quasiparticle distribution, projected into
fully symmetric s-wave (a) and dx2−y2 -wave (b) parts. The oscilla-
tion of the kx-integrated dx2−y2 -wave part in (c) shows a signature
of the Bardasis-Schrieffer mode and of the Higgs mode as shown in
its Fourier transform (d)).
In equilibrium this quantity is equal to −ξk/(2Ek) and thus
is C4-symmetric. Due to the perturbation via an electric field,
the tetragonal symmetry is temporarily broken down to C2-
symmetry and szk develops a finite dx2−y2 -wave component
sz,dk , i.e. the quasiparticle distribution along x- and y-axis
becomes asymmetric. Therefore, one expects that the non-
equilibrium particle distribution acquires the information on
ωBS and ωH . To investigate this in detail we define the quan-
tity I(t) =
∫ pi
−pi dkx(2s
z,d
k=(kx,0)
(t)), which describes the inte-
grated dx2−y2 -wave component of the quasiparticle distribu-
tion along the ky = 0 cut and is equivalent to the number of
particles with ky = 0. In Fig. 5 we show I(t) for the same
parameters as in Fig. 2 for A oriented along x-axis. One
can readily see that it oscillates mostly with ω = ωBS, where
we find the amplitude of the oscillations increases with an in-
creasing pump strength. The integration along the kx = 0 cut
leads to similar results but shifted by a phase ϕ = pi.
To conclude we analyze the short-time dynamics in single
band unconventional superconductor with multiple compet-
ing pairing symmetries. Driving the system out of equilib-
rium with a light pulse (modeled as a time-dependent vector
potential), we show how the collective signatures of symme-
tries different from a given ground state symmetry, known
as Bardasis-Schrieffer modes27–30 in the context of s-wave
ground state in the equilibrium, evolve as a function of dop-
ing and the polarization direction. Depending on the polar-
ization direction of the incoming light the tetragonal sym-
metry is broken, which necessarily induces a coupling of s-
and d-wave symmetries in a non-equilibrium. Furthermore,
we show that the particle distribution acquires an additional
dx2−y2 -character, due to coupling to the vector potential and
that this quantity shows a dominant signature of the Bardasis-
Schrieffer mode frequency, which might be observed in time-
resolved ARPES experiments. Therefore we conclude that
taking the sub-dominant pairing channels and the correspond-
ing interactions into account is important, when discussing
5polarization dependent excitation of unconventional super-
conductors.
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I. SYMMETRIZED EQUATIONS OF MOTION
Here we give detailed information about the derivation of the equations of motion and its symmetrization. After performing a
minimal substitution to include the vector potential the Hamiltonian has the following form
H =
∑
k
Bk · sk + (ξk+ ecA − ξk− ecA)(c
†
k↑ck↑ + c−k↓c
†
−k↓), (S1)
where Bk =
(
2∆′k, 2∆
′′
k, ξk+ ecA + ξk− ecA
)T
. The last term transforms as 12
(
c†k↑, c−k↓
)
σ0
(
ck↑
c†−k↓
)
, where σ0 is the unit
matrix and thus commutes with all other pseudospins. Therefore the structure of the equations of motions remains unaffected
d
dt
〈sk〉 = i~ 〈[H, sk]〉 = Bk × 〈sk〉. (S2)
Now one can rewrite sk and Bk in Eq. (S2) as a sum of all even parity irreducible representations of the tetragonalD4h symmetry
group as discussed in the main text. Using the product rules for the irreducible representations of the D4h symmetry group one
can split this equations into four orthogonal parts
d
dt
〈sk,s〉 = Bk,s × 〈sk,s〉+ Bk,dx2−y2 × 〈sk,dx2−y2 〉+ Bk,dxy × 〈sk,dxy 〉+ Bk,gxy(x2−y2) × 〈sk,gxy(x2−y2)〉,
d
dt
〈sk,dx2−y2 〉 = Bk,dx2−y2 × 〈sk,s〉+ Bk,s × 〈sk,dx2−y2 〉+ Bk,gxy(x2−y2) × 〈sk,dxy 〉+ Bk,dxy × 〈sk,gxy(x2−y2)〉,
d
dt
〈sk,dxy 〉 = Bk,s × 〈sk,s〉+ Bk,gxy(x2−y2) × 〈sk,dx2−y2 〉+ Bk,dx2−y2 × 〈sk,gxy(x2−y2)〉,
d
dt
〈sk,gxy(x2−y2)〉 = Bk,gxy(x2−y2) × 〈sk,s〉+ Bk,dxy × 〈sk,dx2−y2 〉+ Bk,dx2−y2 × 〈sk,dxy 〉+ Bk,s × 〈sk,gxy(x2−y2)〉. (S3)
For the z-component of the pseudomagnetic field Bzk = ξk+A + ξk−A ≡ ξsk,A + ξ
dx2−y2
k,A + ξ
dxy
k,A + ξ
gxy(x2−y2)
k,A one can
integrate out each symmetry. For the chosen dispersion they have the form
ξk,A,s = −2t(cos(Ax) + cos(Ay))(cos(kx) + cos(ky))− 2µ,
ξk,A,dx2−y2 = −2t(cos(Ax)− cos(Ay))(cos(kx)− cos(ky)),
ξk,A,dxy = 0,
ξk,A,gxy(x2−y2) = 0. (S4)
In our model the occurring order parameters only have either s- or dx2−y2 -wave symmetry, which simplifies equations (S3) into
d
dt
〈sk,s〉 = Bk,s × 〈sk,s〉+ Bk,dx2−y2 × 〈sk,dx2−y2 〉,
d
dt
〈sk,dx2−y2 〉 = Bk,dx2−y2 × 〈sk,s〉+ Bk,s × 〈sk,dx2−y2 〉, (S5)
as those two representations form a subgroup.
II. SHORT-TIME DYNAMICS IN THE D-WAVE GROUND STATE
To verify that the existence of a sub-dominant s-wave channel in a dx2−y2 -wave superconductor also gives rise to an additional
collective mode in the short-time dynamics we solve Eq. (6) numerically for the dx2−y2 -wave ground state. Due to the nodal
2gap structure more quasiparticles are excited, which leads stronger damping. However, this also means that the total error bars
in the main text are due to both finite accuracy of the Fourier transform and numerical errors due to finite grid size effects.
We consider a dx2−y2 -wave ground state at n ≈ 0.437 and drive the system out of equilibrium by quenching the s-wave order
parameter into ∆s = 0.1∆d. The result in Fig. S1 shows an induced Higgs mode at ωH = 2|∆d,max(∞)| and also a mode
ωBS < ωH . The error bars in the main text are given by the frequency, which is closest to the half width of the peak. Due to the
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FIG. S1. Results of integrating the equations of motions in Eq. (6) for a dx2−y2 -wave ground state at filling n = 0.437. In a) the short-time
dynamics of the induced s-wave component of the order parameter and its Fourier transform (inset) are shown. In b) the short-time dynamics
of the d-wave component and its Fourier transform (inset) are shown.
computational error and the stronger damping, the peak of the Fourier transform is broader than in Fig. 2. Therefore in addition
to the discrete resolution of the Fourier transform the error bars are increased due to computational accuracy.
III. LINEARIZATION OF EQUATIONS OF MOTION
Here, we perform the linearization of the equations of motion around the equilibrium state at T = 0. We start with linearizing
Eq. (5) and performing a subsequent Fourier transform to obtain
−iωδsk = Beqk × δsk + δBk × seqk , (S6)
with the equilibrium pseudomagnetic field Beqk = (2∆
′
l0
γk,l0 , 2∆
′′
l0
γk,l0 , 2ξk)
T and the equilibrium pseudospin expectation
value seqk = −Beqk /(2Ek,l0). We use l0 to denote the groundstate symmetry. After some rearrangement of this expression one
obtains a matrix equation
δsk =
−1
2Ek,l0(ω
2 − 4E2k,l0)
 −4ξ2k 2iωξk −4∆0kξk−2iωξk −4E2k,l0 −2∆0kiω−4∆0kξk 2∆0kiω −4(∆0k)2
2δ∆′k2δ∆′′k
δBzk
 , (S7)
where ∆0k = ∆l0γk,l0 , which corresponds to the equilibrium order parameter in either s-wave or dx2−y2 -wave ground
state depending on band filling. Eq. (8) can be then plugged into the definition of the superconducting gap amplitude
∆l = −
∑
k γk,lVl(δs
x
k − iδsyk). Consequently, one obtains a linear equation for the real and imaginary part of the gap ∆l,
where the vector λl(ω) includes necessary information of the perturbating vector potential in δBzk(ω).
(
χxx χxy
χyx χyy
)(
δ∆′l
δ∆′′l
)
=
(
λ′l
λ′′l
)
↔ χˆδ∆l = λl . (S8)
3The entries of the response function χˆ(ω) are given by
χxx = 1 + Vl
∑
k
4ξ2k(γk,l)
2
2Ek,l0(ω
2 − 4E2k,l0)
,
χxy = (χyx)
∗ = −2Vl
∑
k
2ξkiω(γk,l)
2
2Ek,l0(ω
2 − 4E2k,l0)
,
χyy = 1 + Vl
∑
k
4E2k,l0(γk,l)
2
2Ek,l0(ω
2 − 4E2k,l0)
(S9)
for each l respectively. The entries of λl(ω) are given by λ′l = Vl
∑
k
2ξkγk,l∆
0
kδB
z
k
2Ek,l0 (ω
2−4E2k,l0 )
and λ′′l = Vl
∑
k
2iωγk,l∆
0
kδB
z
k
2Ek,l0 (ω
2−4E2k,l0 )
.
Collective modes of the system are excited for values of ω for which the determinant of χˆ vanishes, i.e., det(χˆ) = 0 independent
of the strength of perturbation.
